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(1) Dynamic adaptation. Because of motion complexity, tumours can have amplitude
changes, baseline shifting and period changes. The thresholds @, and A, for testing
velocity change and amplitude will change dynamically during on-line data processing.
At the beginning, these thresholds are initialized to default values. As more and more
data arrive, the thresholds change to adapt to the most recent breathing patterns. In our
one-dimensional implementation, the threshold on amplitude, A, is imitialized to 4 mm
for superior-inferior motion more than 7 mm, As data are processed, A tracks one-third
of the magnitude of the EX or IN states, averaged over the last four breathing periods.
Similarly, ©, is initialized to 4.5 mm s~!, and dynamically changes to match one quarter
of the average velocity of the EX state.

3. Materials

We performed this study retrospectively using lung tumour movement data of patients treated
using the real-time tumour-tracking radiation therapy (RTRT) system at Hokkaido University
(Seppenwoolde et al 2002, Shirato et al 2000a, 2000b). In this system, a 2 mm or 1.5 mm
diameter gold marker is inserted into or near the lung tumour using image guided implantation.
The system can detect the actual marker position at a rate of 30 Hz vsing two x-ray imaging
systems. It uses fluoroscopy image processor units to determine the 3D position of the
implanted marker and employs automatic pattern recognition of the markers in real time. The
geometric accuracy of the tumour-tracking system is better than 1.5 mm. Lung tumour motion
data of 42 patients treated between 2001 and 2002 were analysed. From these, 23 patients
with breathing amplitude greater than 7 mm were identified and used to evaluate fitting quality
and to analyse motion patterns.

A qualitative examination of the tumour motion patterns and signal quality of 23 patients
shows that there are significant differences between patients. An example of the breathing
signals from six different patients is shown in figure 9. Figure 9(a) shows a breathing pattern
that is regular in both period and amplitude. Figure 9(b) shows the motion of a tumour where
the breathing frequency changes over time. Figure 9(c) illustrates a breathing pattem with
base line shifts. Figure %(d) displays a tumour motion with amplitude changes. Figure %)
highlights the fact that the raw tracking signal is often noisy due to cardiac motion. Figure 9(f)
demonstrates a breathing pattern where both the exhale home position and the amplitude drift
over time. These motion patterns are well characterized by our finite state model,

A more detailed observation shows that there are other breathing cycle patterns, as
illustrated in figure 10. A breathing cycle with three breathing states, as shown in figure 10(a),
is the most general case, comprising approximate 85% of our breathing data. About 10% of
the patients only have exhale and inhale states, or with a very short end-of-exhale state, which
is illustrated in figure 10(b). About 5% patients breathe with an additional relaxation state
after inhale as shown in figure 10(c). Figure 10(d) displays a special breathing pattern, where
there are two end-of-cxhale states, separated by a short inhale-like state. Some patients have
more complicated breathing signals which incorporate several breathing state patterns. As
illustrated in figure 10(e), a patient can alternate between 2-state, 3-state and 4-state motions.

4. Results and discussion
In this section, we will discuss the advantages of this finite state model, the quality of our

on-line implementation, an application of the analysis results and some drawbacks of our
model.
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Figure 9. Tumour mwtion and data quality: (a) regular breathing, (b) frequency changes,
(c) baseline shifts, (d) amplitude changes, (e) cardiac motion and (f) combinations.

The idea of using three states to model a regular breathing cycle has several advantages.
First, it fits well with our natural understanding of tumour respiratory motion. Second, it
provides a convenient way to characterize the motion of the EOE state, usually used as
gating window in gated treatment. The model also provides a convenient way to summarize
and compare statistical information for different states, which can be used in dynamic
treatment planning during real-time radiotherapy or radiosurgery. Third, the piecewise linear
representation of raw streams saves storage and will produce fast retrieval of historical medical
information. Fourth, our implementation algorithm of the finite state model works in an on-
line fashion. The algorithm only requires constant space and runs in linear time. The
linc segment of current respiration can be determined in real time. The average processing
time for each new measurement is less than | ms. The quick response time is a big advantage
for its application in real-time radiotherapy. Finally, this model is suitable for both on-line
subsequence similarity matching and offline patient similarity analysis.

The root mean square (RMS) errors of the on-line fitting for 23 different patients and
their average RMS errors are shown in figure 11. The average RMS error is less than | mm
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Figure 10. Common and unusual breathing pattems: (a) three breathing states, (b) two breathing
states, (c} four breathing states, (d) special breathing states and (e) combinations of all breathing
slafes.
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Figure 11. Fidelity of our model to raw data.

on average and less than 1.5 mm for all patients. As demonstrated in figure 11, most patients
have the smallest RMS error in the EOE state. The RMS errors for exhale and inhale states
are quite similar, with a little variation for different patients. This pattern of the RMS errors
can be explained by the motion pattern of tumours. Tumours have less movement in the EOE
state, while larger movements in cxhale and inhale states.
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Figure 12. Modelling results of different breathing pattems and data qualities: (a) regular
breathing, (b) frequency changes, (c) baseline shifis, (d) amplitude changes, (€) cardiac motion
and (£} combinations. :

The finite state model works not only for tumour motion with regular breathing patterns, it
produces good fitting results even for patients who have very complex breathing patterns, such
as breathing with frequency changes, amplitude changes, base line shifting, or the combination
of all the variations. It also works well for patients with different breathing cycle patterns, such
as two-state, three-state, four-state, or the combinations of all the different patterns. Figures 12
and 13 display the modelling results of the respiratory motion in figures 9 and 10. The final
line segments seem to be a qualitatively good representation of the raw data.

The three-state motion model gives convenient ways to summarize and analyse motion
characteristics. Figure 14 presents the different breathing lengths for each state. The average
time across patients shows that the EOE state is the longest breathing phase, and exhale and
inhale states have shorer length. For some patients, such as patients 11 and 13, EOE is the
shortest phase of breathing. Other patients have equal breathing time for each of the three
states, such as patients 4 and 19. Yet other patients have the breathing time in the order of
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Figure 13. Modelling resulis for common and unusual breathing patierns: (a) three breathing
states, (b) two breathing states, {¢) four breathing states, (d) special breathing states and
(c) combinations of all breathing states.
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Figure 14. Average time spent in regular breathing phases.

EX « EOE < IN, such as patients 7 and 9. Examples of these differences are shown in
figure 15.

There are a few patients with RMS errors more than | mm among the 23 patients shown
in figure 11. One source of this error is patients whose exhale and inhale states arc not quite

—184 -



Respiratory mation analysis 5311

=xzuw Raw data Modelling results

24 - . ¢ . ...
; . BN 1o

i - i : - i §
ke N iR ¥ aormn i PR 3

0
24

< -

[ 6 12 18 24 (s)

1] 3 6 9 12 15 18 {5)

Superior-Inferior Motion (mm)

0 6 12 18 28(5)

Figure E5. Different patiemns of a breathing cycle: (a) longer EQE state, shorter EX and IN states,
(b) shorter EOE state, longer EX and IN states and (c) lengths in the increasing order of EX, EOE
and IN states. '

mouws Raw data == Modelling results

SI Motion (mm)

[\ 7 14 H 28 35 42 (s)

Figure 16. Nonlinear states are preferred for some breathing patterns.

linear. For example. consider the motion of patient 10, as illustrated in figure 16. Nonlinear
exhale and inhale states would give a better result for this patient. Another shortcoming of our
model is that it only can handle tumours with small cardiac motion. For tumours with cardiac
motion more than half of the motion amplitude, cur model cannot distinguish the respiratory
motion from the cardiac motion. Finally, the rigid assumption of three states for one breathing
peried also puts limitations on the expressiveness of this model. For example, if a tumour
only moves with exhale and inhale states, our method enforces the tumour to have an EOE
state. Tt would be preferred to switch from a three-state model to a two-state model. Another
example is that if a breathing period may have an additional state between the end of inhale
and the beginning of exhale. Our model generates an irregular state (IRR) for the prolonged
inhale state, where a four-state model will give a better understanding.

—185—



5372 HWueral

5. Conclusion

We have proposed a three-state model for respiratory tumour motion that fits the natural
understanding of breathing phases, and conforms well to real patient data. We have
implemented a one-dimensional version of this model in an on-line algorithm that segments
the breathing signal into line segments for each state. The average root mean square error of
our model is less than 1.5 mm for the patients. which demonstrates the fidelity of our model
to raw data. This model and its implementation can be used for both on-line and offline data
analyses. The patterns of different breathing states give useful information about patient-
specific breathing. This model can be applied to internal and external motions, including
tumour position, abdominal surface, diaphragm, spirometry and other surrogates.

Our future research includes several areas. One area modifies the current model to
include nonlinear states, and more or less states per breathing period. We would like to
address cardiac motion in the context of tumour respiratory motion. Another ongoing project
is motion prediction based on the finite state model for real-time radiation therapy. A salient
feature of the model is that it provides a handy base for statistics, probability analysis and
database similarity maiching. We are combining all these technologies in the prediction
method to improve the prediction results.
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THREE-DIMENSIONAL CONFORMAL SETUP (3D-CSU) OF PATIENTS USING
THE COORDINATE SYSTEM PROVIDED BY THREE INTERNAL FIDUCIAL
MARKERS AND TWO ORTHOGONAL DIAGNOSTIC X-RAY SYSTEMS IN
THE TREATMENT ROOM

Hrmrokr SHRATO, M.D., MasaTAaka Orra, M.S., Katsunisa Funra, R.T., Sumucwm Sumizu, M.D.,
Rixiya ONmMaru, M.D., Sumn Uecaks, M.D., YosHiHARU WATANABE, R.T., Norio Kato, M.D., AND
Kazuo Mrirasaka, M.D.

Department of Radiology, Hokkaido University School of Medicine, Sapporo, Japan

Purpose: To test the accuracy of a system for correcting for the rotational error of the clinical target volume
{CTV) without having to reposition the patient using three fiducial markers and two orthogonsl Buoroscopic
images, We call this system *“three-dimensional conformal setup” (3D-CSU).

Methods and Materlals: Three 2.0-mm gold markers are inserted into or adjacent to the CTV. On the treatment
couch, the actual positions of the three markers are calculated based on two orthegonal fluoroscoples crossing at
the isocenter of the linear accelerator, Discrepancy of the actual coordinates of gravity center of three markers
from its planned coordinates is calculated. Translational setup error is corrected by adjustment of the treatment
couch. The rotation angles («, 8, ¥) of the coordinates of the actual CTV relative to the planmed CTV are
calculated around the lateral (x), craniocaudal (¥}, and anteroposterior (z) axes of the planned CTYV. The angles
of the gantry head, collimator, and treatment couch of the linear accelerator are adjusted according to the
rotation of the actval ceordinates of (he tumor in relation to the planned coordinates. We have measured the
accuracy of 3D-CSU using a static cubic phantom.

Results: The gravity center of the phantom was corrected within 0.9 = 0.3 mm (mean = SD), 0.4 £ 0.2 mm, and
0.6 £ 0.2 mm for the rotation of the phantom from 0-30 degrees around the x, y, and z axes, respectively, every
5 degrees. Dose distribution was shown to be consistent with the planned dose distribution every 10 degrees of
the rotation from 0-30 degrees. The mean rotational error after 3D-CSU was —0.4 = 0.4 (mean = SD), 02 =
0.4, and 0.0 = 0.5 degrees around the x, y, and 7 axis, respectively, for the rotation from 0-90 degrees.
Conclusions: Phantom studies showed that 3D-CSU is useful for performing rotational correction of the target
volume without correcting the position of the patient on the treatment couch. The 3D-CSU will be clinically useful
for fumors in structures such as paraspinal diseases and prostate cancers not subject to large internal organ
motion. © 2004 Elsevier Inc.

Three-dimensional conformal setup, Real-time tumor-tracking radiation therapy, Fiducial marker, Setup error,
Rotation correction, Rotational setup error, Real-time tumor-tracking system, Linear accelerator.

INTRODUCTION 7.1/5.9, 6.6/4 6, and 3.0/3.1 degrees around left-right, cranio-

caudal, and anteroposterior, respectively (2).

Rotational error due to internal organ motion and setup is an
important issue that has not been well understood. Van Herk ef
al. have shown that internal rotation of prostate gland was
observed and that the rotation was largest around the left-right
axis with the standard deviation of 4.0 degrees in the sequential
measurement using computed tomography (CT) (1). Rota-
tional setup error has been detected in the treatment of spinal
schwannoma with the systematic/random error of rotation at

A radiopague internal fiducial marker implanted into or near
the tumor has been shown to be useful for comrecting transla-
tional setup eror using two sets of orthogonal fluoroscopy in
the treatment room (3-7). However, translational setup using
only that marker would be misleading if there were rotational
setup errors of the clinical target volume (CTV). When there is
a large rotational error of CTV, one cannot notice it when using
only one implanted marker.
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Fig. 1. Illustration of three-dimensicnal {3D) conformal setup. (a) The patient is manually positioned on the couch. (b)
The center of gravity of three markers is translated to the planned position (three-markers translational setup). (c)
Correction for the rotational error by rotating the gantry and couch around the isocenter. (d) Correction for the rotational
error by rotating the collimator. (¢) After performing steps (a) to (d), the relationship between the clinical target volume
and beam is three-dimensionally consistent with the planned refationship.

The implantation of three markers around the CTV
may be useful for the calculation and reduction of the
rotational setup error. We have developed a system for
reducing the rotational setup error by using three im-
planted markers and two sets of orthogonal fluoroscopy
in the treatment room. As this procedure makes it possi-
ble to correct the three-dimensional coaformality of the
actual treatment, we call it “three-dimensional conformal
setup” (3D-CSU) in this article.

In the present study, we tested the accuracy of 3D-CSU
using a phantom and film measurement.

MATERIALS AND METHODS

The concept of the 3D-CSU is as follows (Fig. 1).

[. Three 2.0-mm gold markers are inserted into or adja-
cent to the CTV, The technique and its feasibility have
already been published (6). Three markers should be placed
in the tissue surrounding the CTV.

2. The CTV is then determined using CT images with 1-3
mm slice thickness. The planning target volume (PTV) is
determined by adding a setup margin, The coordinates of

the three markers relative to the target center are transferred
to the setup system. The setup system calculates the coor-
dinates of the gravity center of the triangle made by the
three markers as well as the coordinates of the CTV relative
to the isocenter.

3. On the treatment couch, the actual positions of the three
markers are calculated based on two orthogonal fluoroscopies
crossing at the isocenter of the linear accelerator. The actual
position of the gravity center of the triangle made by the three
markers is corrected by parallel translation of the treatment
couch to be consistent with its planned position (Fig. 1). Asa
result, the gravity center of the CTV should be consistent with
its planned position as long as migration of the marker and
deformation of the CTV are negligible. The three-marker
translational setup is to be more accurate than one-marker
translational setup as it minimizes the adverse effect of the
rotation of the CTV relative to the isocenter. Because the
gravity center of the CTV matches its planned position in the
three-marker translational setup, large setup error, which can
occur with one-marker setup, can be avoided.

4. Rotational setup error is calculated assuming a coor-
dinate system specific for each CTV. The actual CTV co-
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Fig. 2. IHustration of the dose distribution in the arbitrarily rotated cubic phantom with or without correction for rotation.
Dose distribution measured by film on the cubic phantom with (left) no rotation, (middle) arbitrary rotation and
cormrection by the three-marker translational setup, and (right) arbitrary rotation, calculation of the rotational angle (e,
B, v), and correction by three-dimensional (3D) conformal setup,

ordinate system is determined by the three markers in the
fluoroscopic images, and the planned CTV coordinate sys-
tem is determined by those in the CT images. Details of the
calculation method of the rotational setup error have already
been published (2). In brief, the actual CTV coordinates %'
are expressed as X' = MZ where M is the direction cosine
matrix and 2, represents the planned CTV coordinates. The
matrix M is calculated using the inverse of matrix 2, as
follows: M = 3’ 27!, The rotation angles (a, 8, ¥) of the
coordinates of the actual CTV relative to the planned CTV
are calculated around the lateral (x), craniocaudal (»), and
anteroposterior (z) axes of the planned CTV. The coordinate
system of the linac is calibrated to the tumor’s coordinates
derived from the position of the three markers,

5. The angles of the gantry head, collimator, and treat-
ment couch of the linear accelerator are adjusted according
to the rotation of the actual coordinates of the tumor in
relation to the planned coordinates. We call this procedure
the 3D-CSU in this article. These procedures should match
the actual beam’s-eye view consistent with the projection of
the actual CTV to the beam's direction. The 3D-CSU pro-
cedure can improve three-dimensional conformality in com-
parison with three-marker translational setup.

In this study, the accuracy of the three-marker transla-
tional setup and 3D-CSU were measured using the cubic
phantom and film measurement. The phantom was fixed to
a rotating device with a protractor, which could be inten-
tionally rotated and stopped at a certain angle with an
accuracy of 0.5 degrees. The phantom was rotated every §
degrees around the x, y, and z axes in the experiment. The
difference between the actual coordinates of the phantom’s
center of gravity and its calculated coordinates was mea-
sured by using three-marker translational setup from 030
degrees. The difference in the treatment field between the
setup methods was measured by putting the film at the
bottom of the phantom. The results were compared among
no cotrection, three-marker translational setup, and 3D-

CSU for the phantom rotated every 10 degrees from 0-30
degrees around the x, y, and z axes.

The actual angle of the phantom’s rotation and that cal-
culated using 3D-CSU was compared from 0-%0 degrees.
The valucs ar¢ based on three measurements for ¢ach angle
from 0-90 degrees around the x, y, and z axes every 5
degrees.

RESULTS

Figure 2 illustrates the effect of 3D-CSU using an arbi-
trary irradiation field, “F”, made by multileaf collimators. A
6.0 X 6.0 X 6.0 cm’ cubic phantom with a 2-mm fiducial
marker on each corner was scanned with CT using a 1-mm
slice thickness. Treatment planning was performed using a
beam perpendicular to one of the phantom’s surfaces. An
X-ray film (XVII, Kodak, Rochester, NY) was attached to
the phantom’s bottom surface. First, the phantom was irra-
diated with a 4-MV X-ray at the position consistent with the
planned position (Fig. 2, left). Second, the phantom was
rotated in three dimensions to unplanned angles. After
three-marker translational setup, the phantom was irradiated
without correction for the rotation (Fig. 2, middle). Dose
distribution to which the phantom was exposed was appar-
ently rotated away from the planned dose distribution.
Third, 3D-CSU was used, and the gantry, collimator, and
couch were rotated according to the calculation. After 3D-
CSU, the dose distribution was shown to be consistent with
the planned dose distribution for the nonrotated phantom
(Fig. 2, right).

The relationship between the phantom’s rotation angle
and the discrepancy of the coordinates of the gravity center
of the phantom from the planned position was improved by
using three-marker translational setup in comparison with
the one-marker translational sctup (Fig. 3). The coordinates
were different from the planned coordinates considerably
when only one marker was used for setup. The discrepancy
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Fig. 3. Discrepancy between the planned position and the actual position of the gravity center of the phantom in (left)
one-marker translational setup and (right) three-marker translational setup in the x (upper row}), y (middle row), and z
(lower row) directions. The discrepancy of coordinates in x-direction (squares), y-direction (triangles), and z-direction

(diamonds) is shown in mm.

of the gravity center of the phantom was as large as 20 mm
when the rotation angle was 30 deprees in one-marker
translational setup for the 6.0 X 6.0 X 6.0 cm® cubic
phantom. Using three-marker translational setup, the dis-
crepancy was 0.9 * 0.3 mm (mean * standard deviation
(SD]), 0.4 + 0.2 mm, and 0.6 * 0.2 mm throughout the
rotation angle in the range from 0-30 degrees for the x, y,
and z axes, respectively, in the gravity center of the phan-
tom.

The differences in the treatment fields between no correc-
tion, one-marker translational setup and 3D-CSU were shown
from 10-30 degrees around the x, y, and z axes (Fig. 4). The
experiment showed us that a one-marker setup may reduce the
rotational setup error around the y (8) and z () axes in Fig, 4.
However, one-marker setup may result in an alignment worse
than the alignment without any correction that is seen with the
rotational setup error around x axis (@) in Fig. 4. This is
because the displacement of one marker can be larger than the

displacement of the gravity center of the target volume in the
rotational setup error. If we use the marker that moved more
than the gravity center of the target volume in translational
“correction,” the gravity center of the target volume may be
“overcorrected.” Three-dimensional conformal setup was able
to reduce the error due to rotation without any deterioration in
translational alignment («, B, +; Fig. 4).

Table 1 shows the mean and SD of the angles measured
with the 3D-CSU system. The mean = SD was —0.4 + 0.4,
—02 £ 04, and 0.0 * 0.5 degrees for e, 8, and v,
respectively, from 0-90 degrees.

DISCUSSION

The setup system using two orthogonal diagnostic fluo-
roscopies and one internal fiducial marker has been shown
to be useful for reducing transiational setup error (4). How-
ever, this system was vulnerable to misalignment due to
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Fig. 4. The differences in dose distribution at the surface of the
phantom, which was rotated from 10-30 degrees around the x (a),
¥ (B), and z axes (v). The dose distribution was measured without
correction, with one-marker translational setup of the phantom,
and with three-dimensional conformal setup (3DCSU) of the phan-
tom.

rotation of the CTV, as we have seen in this study. The
present study showed that three-marker translational setup
using the gravity center of three markers is better than
one-marker setup for reducing the translational setup error
when there is some rotational error. The three-dimensional

Table 1. Mean and standard deviation of the rotation around the
x{ae}, y(B), and z(y) axes as estimated by three-dimensional
conformal setup

Average sSD
Degrecs @ B oy a B ¥
0 =03 -1.1 0.6 04 0.2 03
5 04 -0.3 0.0 1.4 0.7 14
10 -0.5 0.5 0.8 0.6 0.1 0.7
15 -0.5 0.1 06 02 0.6 04
20 -05 02 07 0.4 0.7 0.5
25 -03 03 04 04 0.5 0.6
30 -0.7 02 06 0.6 0.5 0.6
35 -05 -0.2 03 0.3 0.1 0.5
40 =06 =06 03 0.2 0.8 04
45 -0.7 -04 02 0.4 0.6 0.6
50 -0.7 -02 -0.1 0.2 0.3 0.5
55 -04 -02 -0.1 02 0.1 0.3
60 =0.7 ~0.4 0.0 04 0.6 0.6
65 —-03 -—0.8 -03 0.2 0.3 02
70 -04 —0.4 -06 0.6 0.6 02
75 —0.1 -0.7 -0.7 0.5 0.2 03
80 -0.6 0.2 =03 0.2 0.3 0.5
85 -02 -1.1 -1.0 09 0.4 08
90 -0.2 1.4 -07 0.5 0.3 0.1
-0.4 =02 0.0 0.4 0.4 0.5

conformal setup system is expected to be useful for correct-
ing the rotational setup error by adjusting the gantry, couch,
and collimator of the linear accelerator to the calculated
rotational angles.

The present study showed that 3D-CSU is sufficiently
accurate for clinical usage provided that the rotating subject
is rigid and there is no migration of the markers. However,
there are several possible shortcomings of this method.
First, the tumors are soft and deformable, so the effect of
deformation may mimic the rotation of the subject. Second,
migration of the markers can influence the calculation of the
rotation angle. Third, if the organ motion in the body is too
large, the distance between the skin surface and the tumor's
center of gravity changes significantly from the planned
beam. In other words, even when 3D-CSU corrected the
beam angle’s relation to the surface of the tumor, it did not
correct the beam angle in relation to the skin surface. Thus,
the depth from the skin to the surface of the tumor will
change, resulting in a change in dose distribution. The dose
to the organs at risk close to the target volume can also
change when the corrected beam passes the organs at risk
after 3D-CSU. Three-dimensional conformal setup is appli-
cable only when these uncertainties are controllable or taken
into account in treatment planning,.

Even though its clinical application has limitations, implant-
ing three gold markers method may be useful for certain
situations if careful quality control is employed. In practice, the
deformation of the tumor and migration of the marker can be
estimated based on the distance among three markers to avoid
uncertainty. Because the effect of a few millimeters’ difference
in depth on the absorbed dose is negligible in the case of a
megavoltage MV X-ray, the dose to the target volume may not
change significantly. Spinal or paraspinal lesions are reason-
able candidates for the present version of 3D-CSU since the
distance between the skin and the spine does not change
significantly. Three markers were attached to the vertcbrae
during the surgical operation. The steadiness of the marker
fixation has been reported previously (2, 6). We have used
3D-CSU for 2 patients with spinal schwannoma in the last
year. It was necessary to monitor the disease for more than 3
years to judge the clinical outcome, but there has been no
relapse and no adverse effect.

Previous studies have suggested that intrafractional organ
motion is negligible in prostate cancer patients in the supine
position but can be large in prone position (7). The distance
among the three markers was useful to detect the possible
migration and deformation of the prostate gland in our
previous study (6). Previous studies have suggested that
inter-fractional rotational movement of the prostate gland
can be so large that 3D-CSU may be usable for prostate
cancer (I, 9, 10). Head-and-neck tumors may also benefit
from 3D-CSU, as it is often difficult to correct the rotation
of the head in the plastic mask attached to the treatment
table (11). Uterine cervical cancers may benefit from 3D-
CSU as well, For these tumors, reduction of rotational error
by 3D-CSU would lead to the reduction in adverse effects
and increase in local control rates. For lung tumors, the
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intrafractional movement is so farge that the benefit of
3ID-CSU may be limited unless real-time tumor-tracking of
the marker is used during the delivery of the therapeutic
beam as well (12).

There have been several attempts to fix the imaging tools
onto the gantry of the linear accelerator (13, 14). Although
these technologies are promising for the purpose of improv-
ing precision radiotherapy, 3D-CSU may pot be practical
with these configurations because the imaging tools would
be obstacles to rotating the table. Our system uses imaging
tools on the floor and ceiling so that there is no obstacle to

Volume 60, Number 2, 2004

the performance of 3D-CSU as well as to 3D noncoplanar
irradiation.

In conclusion, phantom studies showed that 3D-CSU is
useful for rotational correction of the target volume without
correcting the position of the patient. This method can
improve the accuracy of external radiotherapy. However,
the uncertainty regarding the deformation of the tissue,
migration of the marker, and the change of distance between
the surface of the body and the center of gravity of the target
volume must all be estimated for this method to be used in
clinical practice.

REFERENCES

1. van Herk M, Bruce A, Kroes AP, et al. Quantification of organ
motion during cenformal radiotherapy of the prostate by three
dimensional image registration, fnr J Radiat Oncol Biol Phys
1695;33:1311-1320,

2. Onimaru R, Shirato H, Aoyama H, ef al. Calculation of
rotational sctup error using the real-time tracking radiation
therapy (RTRT) system and its application to the treatment of
spinal schwannoma. Int J Radiat Oncol Biel Phys 2003;56:
126-135.

3. Shirato H, Shimizu 8, Kitamura K, ef al. Four-dimensional
treatment planning and fluoroscopic real-time tumor tracking
radiotherapy for moving tumor. Int J Radiat Oncol Biol Phys
2000;48:435-442.

4. Shimizu 8, Shirato H, Kitamura K, ef al. Use of an implanted
marker and real-time tracking of the marker for the positioning
of prostate and bladder cancers. /nt J Radiat Oncol Biol Phys
2000;48:1591-1597.

5. Shirato H, Shimizu S, Kunicda T, ef ai. Physical aspects of a
real-time tumor-tracking system for gated radiotherapy. fnt J
Radiat Oncol Biol Phys 2000;48:1187-1195,

6. Shirato H, Harada T, Harabayashi T, et al. Feasibility of
insertion/implantation of 2.0 mm-diameter gold internal fidu-
cial markers for precise setup and real-time tumor-tracking in
tadiation therapy. Int J Radiat Oncol Biol Phys 2003;56:240—-
247,

7. Kitamura K, Shirato H, Shimizu H, e al. Registration accuracy
and possible migration of internal fiducial gold marker implanted

in prostate and liver treated with real-time tumor-tracking
radiation therapy (RTRT). Radiother Oncol 2002;62:275-281.

8. Zelefsky MIJ, Crean D, Mageras G8S, ef al. Quantification and
predictors of prostate position variability in 50 patients eval-
uated with maltiple CT scans during conformal radiotherapy.
Radiother Oncol 1999;50:225-234.

9. Padhani AR, Khoo VS, Suckling J, ef al, Evaluating the effect
of rectal distension and rectal movement on prostate gland
position using cine MRI. Int J Radiat Oncol Biol Phys 1999;
44:525-533.

16. Yan 'Y, Song Y, Boyer AL. An investigation of a video-based
paticnt repositioning technique. Int J Radiat Oncol Biol Phys
2002;54:606-614.

11. Kaatee RSIP, Olofsen MJJ, Verstraate MBI, er al. Detection
of organ movement in cervix cancer patients using a fluoro-
scopic electronic portal imaging device and radiopaque mark-
ers. Int J Radiat Oncol Biol Phys 2002;54:576-583.

12. Seppenwoolde Y, Shirato H, Kitamura K, et al. Precise and
real-time measurement of 3D tumor motion in lung due to
breathing and heartbeat, measured during radiotherapy. fnt J
Radiat Oncol Biol Phys 2002;53:822-834,

13, Jaffray DA, Sicwerdsen JH, Wong JW, et al. Flat-panel cone-
beam computed tomography for image-guided radiation ther-
apy. Int J Radiat Oncol Biol Phys 2002;53:1337-1349.

14. Dehnad H, Nederveen AJ, van der Heide UA, et al. Clinical
feasibility study for the use of implanted gold seeds in the
prostate as reliable positioning markers during megavoltage
irradiation. Radiother Oncol 2003;67:295-302,

—192—



ELSEVIER

CLINICAL INVESTIGATION

Int. J. Radiation Oncology Biol, Phys., Vol, 38, No. 4, pp. 11771183, 2004
Copyright © 2004 Elscvier Inc,

Printed in the USA. All rights reserved

0360-3016/04/3-s5ce front matter

doi:10.1016/j.ijrebp.2003.08.034

Brain

INTEGRATION OF FUNCTIONAL BRAIN INFORMATION INTO

STEREOTACTIC IRRADIATION TREATMENT PLANNING USING

MAGNETOENCEPHALOGRAPHY AND MAGNETIC RESONANCE
AXONOGRAPHY
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Purpose: To minimize the risk of neurologic deficit after stereotactic irradiation, functional brain information
was Integrated into treatment planning.

Methods and Materials: Twenty-one magnetoencephalography and six magnetic resonance axonographic images
were made in 20 patients o evaluate the sensorimotor cortex (7 = 15 patients, including the corticospinal tract
in 6), visual cortex (n = 4), and Wernicke’s area (n = 2). One radiation oncologist was asked to formulate a
treatment plan first without the functional images and then to modify the plan afier seeing them. The pre- and
postmadification values were compared for the volume of the functional area receiving 215 Gy and the volume
of the planning target volume receiving =80% of the prescribed dose.

Results: Of the 21 plans, 15 (71%) were modified after seeing the functional images. After modification, the
volume receiving =15 Gy was significantly reduced compared with the values before modification in those 15 sets
of plans (p = 0.03). No statistically significant difference was found in the volume of the planning target volume
receiving =80% of the prescribed dose (p = 0.99). During follow-up, radiation-induced necrosis at the cortico-
spinal tract caused a minor motor deficit in 1 patient for whom magnetic resonance axonography was not
available in the treatment planning. No radiation-induced functional deficit was observed in the other patients,
Conclusion: Integration of magnetoencephalography and magnetic resonance axonography in treatment plan-
ning has the potential to reduce the risk of radiation-induced functional dysfunction without deterioration of the

dose distribution in the target volume.

© 2004 Elsevier Inc.

Radiosurgery, Magnetoencephalography, Axon, Function, Arteriovenous malformation.

INTRODUCTION

One of the advantages of stereotactic irradiation (STI) over
surgical resection in the treatment of brain diseases is that
STI is an easier and safer method of accessing areas deep in
the brain, as well as those located in the vicinity of the
functional brain cortex. Permanent radiation injury, known
as radiation necrosis, is not a common consequence of STI.
However, once necrosis occurs in certain areas of the brain
responsible for motor function, visual function, comprehen-
sion, or speech production, it results in permanent neuro-
logic deficits (1-4). The development of radiation necrosis
is related to the dose of radiation received. Considering that
neuronal fibers are serial in structure, the severity of the
neurologic deficit is expected to be related to factors such as

the maximal radiation dose administered to functional brain
areas, as well as the volume of the area exposed to more
than the threshold dose of radiation (5, 6). Although the
threshold dose of radiation required to develop radiation
necrosis has not been fully investigated, some clinical and
experimental data have indicated that the threshold single
dose lies within the range of 10-15 Gy (3, 4, 7).
Recently, imaging modalities that ‘enable the identification
of functional brain areas have emerged as clinically significant
(8—18). Magnetocncephalography (MEG) is used to detect the
magnetic field associated with intracranial neuronal electric
activity, In practice, it has been used to identify the sensori-
motor, visual, and Wernicke’s speech cortices (8, 10-12).
Magnetic resonance (MR) axonography or anisotropic diffu-
ston-weighted MRI (ADWT) is a method that visualizes the
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Table 1. Patient characteristics and results

Age Follow-up

Identified functional

Dma( (GY) VIO (Fm3) VIS (F’ma)
Functional Functional Functional
information  information  information

RT dose (Gy)Y

Pt. No. Disease () (mo) Modality area fraction (») Yes No Yes No Yes No
1 Met 59 29 MEG Motor cortex 35/4 163 187 0.9 6.2 0.2 53
2 Met 82 4 MEG Visual cortex 35/4 187 192 1.7 3.7 0.9 5.5
3 Met 75 5 MEG Motor cortex 35/4 185 19.1 246 372 102 348

Met MEG Visual cortex 35/4 1. 185 009 097 0 0.89
4 AVM 11 31 MEG Motor cortex 22.51 70 113 ¢ 034 © 0
5 AVM 4] 23 MEG Motor cortex 20/1 160 16 032 032 016 0.16
6 AVM 26 37 MEG Motor cortex 35/4 174 203 268 768 0.7 3.96
7 AVM 45 31 MEG Motor cortex 35/4 7.5 96 0O 011 0 0
8 AVM 40 34 MEG Motor cortex 25/1 9% 101 0O 0 0 0
9 AVM 21 27 MEG Visual cortex 20/4 6.1 9 011 011 0 0
10 AVM 29 21 MEG Wemicke’s area 251 37 37 0O 0 0 0
B ] Met 64 8 MEG Motor cortex 251 250 26 306 4.5 198 35
12 Met 64 20 MEG Motor cortex 35/4 161 161 076 076 0 0
13 AVM 45 18 MEG+AX Motor cortex and CST 35/4 124 138 169 188 2.6 3.1
14 AVM 60 3 MEG+AX Motor cortex and CST 35/4 80 117 109 15 14 0.5
15 AVM 27 13 MEG Visual cortex 2011 2.0 2 0 0 0 0
16 AVM 12 9 MEG+AX Motor cortex and CST 15/1 159 159 468 468 036 036
17 AVM 44 8 MEG Wernicke's area 35/4 13 97 0 0 0 0
18 AVM 51 6 MEG+AX Motor cortex and CST 35/4 0.0 0 0 0 ¢ 0
19 AVM 65 6 MEG+AX Motor cortex and CST 33/ 148 172 0 0 0 0
20 AVM 58 6 MEG+AX Motor cortex and CST 35/4 174 183 035 049 007 0.14

Abbreviations: Pt. No. = patient number; RT = radiotherapy; D,

= maximal dose within functional area converted into single fraction

schedule by linear quadratic model; V, or V,; = volume of functional area receiving = 10 Gy or =15 Gy; Met = metastasis; MEG =
magnetoencephalography; AVM = arteriovenous malformation; AX = MR axonography; CST = corticospinal tract.

axonal pathway in the brain. ADWT applies three-orthogonal
diffusion gradient pulses and can clearly demonstrate neuronal
fibers perpendicular to a diffusion gradient as a hyperintense
area. Theoretically, all the subcortical tracts that mn in the
cranial-caudal direction become hyperintense in the AP dif-
fusion gradient; however, previous reports on ADWI have
suggested that the hyperintense areas might consist mainly of
the corticospinal tract (16-18).

Integration of the three-dimensional (3D) configuration
of functional brain areas into conformal radiotherapy plan-
ning using MEG and ADWI may minimize the risk of
developing symptomatic adverse effects due to radiation
necrosis at the functional brain area. In this study, we
evaluated the potential contribution of integrating functional
information into radiotherapy planning by dose~volume sta-
tistics to reduce the risk of symptomatic radiation necrosis.
Preliminary clinical outcomes are also reported.

METHODS AND MATERIALS

Twenty patients (8 females and 12 males, median age, 45
years; range, | 1-82 years) with intracranial discase located
near or within the functional cortex or corticospinal tract
were included in this study. The patient charactenstics are
listed in Table 1. Five patients had brain metastases and 15
had arteriovenous malformations (AVMs). One of the pa-
tients with metastases underwent STI for two lesions; thus,
21 lesions were included. Functional brain areas were iden-

tified by MEG in all 21 areas of the 20 patients. Six recent
cases in which the lesions were close to the corticospinal
tract pathway were evaluated using ADWI as well. Fol-
low-up ranged from 3 to 35 months {(mean, 12 months).
The MEG studies were performed in a magnetically
shielded room with a 204-channel whole-head biomagnetom-
eter (VectorView, 4D-Neuroimage, San Diego, CA). The spa-
tial resolution of MEG to detect the location of functional
cortex is considered to be <X5 mm (8-12). For the identifica-
tion of the sensorimotor cortex in 15 patients, a somatosensory
mapping protocol was used in which the median and tibial
nerves contralateral to the side of the lesion were stimulated at
the wrist and ankles, respectively, with 0.2-ms constant-current
pulses. For the primary visual cortex mapping in 4 patients
(Fig. 1), the visually evoked field was measured by standard
pattern shift stimulation. Wemicke’s area was identified by a
simple object-naming task in 2 right-handed patients (Fig. 2).
In the evaluation of the corticospinal tract using ADWL, hy-
perintense areas with an intensity 1.6 times greater than that of
normal white matter in the AP diffusion gradient were consid-
ered as part of the corticospinal tract (Fig. 3). Anatomic,
ADWI experiments were performed during MRI investigation
using a 1.5-T whole-body MRI scanner with echo-planner
capabilities and a standard whole-head transmit-receiver coil
(Magnetom Vision, Siemens AG, Erlangen, Germany), Four
sessions of multislice, single-shot, spin-echo, echo-planar
ADWI (TE, 87 ms; 128 X 128 matrix; 19 slices) were per-
formed with a b value of 1000 s/mm’, After the raw data of
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(b)

Fig. 1. Brain metastasis near primary visual cortex (Patient 2). (a) Enhanced MRI with dipoles for primary visual cortex
showing normally located left primary visual cortex and dislocated right primary visual cortex by metastasis, (b)
Planning target volume (black solid line), primary visual cortex (black dotted line), and isodose lines (white lines, 90%,

80%, 50%, and 30% from inside out).

each ADWI session were two-dimensionally recenstructed, all
four sessions of ADWI were averaged. The diffusion gradients
‘were applied sequentially in three orthogonal directions to
generate three sets of transverse ADW images to visualize the
tract orientation. Because the corticospinal tract was theoreti-
cally expected to be the most hyperintense area in the AP
diffusion gradient, we took as the corticospinal tract those
hyperintense areas having intensity 1.6 times greater than the
normzl white matter. Anatomic 3D-MRI data of each patient’s

head was obtained, resulting in 128 sequential, 1.8-mm-thick,
axial slices with a resolution of 256 X 256 pixels in a field of
view of 300 mm, Data from Both the MEG dipole and the
ADWI were integrated into an anatomic 3D-MR image, herein
referred to as function-integrated MRI

The MRI scan can be registered with the CT image using a
CT-MRI fusion system (EV pro, Hitachi Medico, Tokyo), as
described in detail previously (19). The anatomic CT scan for
radiation planning was conducted using a conventional CT

(a)

(b)

Fig. 2. Arteriovenous malformation close to Wernicke’s area (Patient 17). (a) T,-weighted MRI with dipoles of
magnetoencephalography. (b) Planning target volume (black solid line), Wemnicke’s area (black dotted line), and isodose
lings (white lincs, 90%, 80%, 50%, and 30% from inside out).
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Fig. 3. Arteriovenous malformation (AVM) close to corticospinal tract (Patient 16). (a) MR axonography showing right
corticospinal tract dislocated by large AVM. (b) Planning target volume (black solid line), corticospinal tract (black
dotted line), and isodose lines {white lines, 90%, 30%, 50%, and 30% from inside out).

machine (Sfida, SCT-7000TX/TH, Shimazu, Kyoto) with slice
thickness of 3 or 5 mm and a matrix size of 256 X 256 with a
field of view of 280 mm. In brief, registration of the CT and
MRI scans can be conducted on the basis of four or more
anatomic landmarks (e.g., the bilateral cochlea, top of the
basilar artery, anterior commissure). After the registration, the
contoured region-of-interest, such as the tumor or organs at
risk on MRI, is automatically superimposed on the relevant CT
image. In the same manner, after the registration of the func-
tion-integrated MRI with the CT image, the functional area
was contoured on MRI and then superimposed on the relevant
CT images. The CT images with the contours of the tumors,
anatomic organs at risk, and functional arca (i.e., function-
integrated CT images) can be transferred to a 3D-RTP system
{Focus, CMS, St. Louis, MO) and used for dose calculation
with inhomogeneity correction. STI was performed with a
6-MV lincar accelerator-based stercotactic system (Clinac
2300 C/D, Varian, CA) using treatment parameters transferred
via Ethemet. The setup accuracy of the system was estimated
to be =1 mm.

In this study, the treatment plans were first created using
conventional MRI-CT fusion images without functional
data by one radiation oncologist who was unaware of the
information regarding the functional brain areas. After the
radiation oncologist had completed the treatment plans, they
were modified using function-integrated CT images. We
evaluated the influence of the integration of functional in-
formation into the planning by comparing the dose~volume
statistics between the two consecutive plans for the same

patient. The final treatment plans formulated using function-
integrated CT were chosen for actual treatment.

Radiation was delivered radiosurgically in a single ses-
sion to five lesions ranging in isocentric doses from 20 to 25
Gy (median, 20 Gy). Ten other iesions were treated with
hypofractionated STI using 20335 Gy (median, 35 Gy) at
the isocenter in four fractions. The planning target volume
(PTV) was covered with an 80-90% isodose surface. To
simplify the evaluation, each schedule of hypofractionated
dose was converted into a single fraction schedule using a
linear-quadratic model with an o/f ratio of 2 for normal
tissue. The maximal dose (D,,,,) to the functional area and
the volume of the functional area receiving =10 Gy (V)
and =15 Gy (V) were used to evaluate the effect on the
functional area. The dose that 95% of the PTV received and
the amount of the PTV receiving =80% of the prescribed
dose were used to evaluate the effect on the target volume.
Student’s ¢ test was used for the comparison. Values of p
<0.05 were considered to indicate statistical significance.

RESULTS

Dose~volume statistics

The functional cortex was successfully identified in all 21
regions using MEG. The corticospinal fract pathway was
also well identified using ADWT in all 6 patients examined.
Of the 21 plans, 15 (71%) were judged to have been
modified using the function-integrated CT images and only
6 (29%) remained unchanged.
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Fig. 4. Volume of functional area receiving =10 Gy or =15 Gy and amount of planning target volume (PTV) receiving
=80% of prescribed dose before (white circles) and after (black circles) modification in 15 sets of plans that were

changed after secing the functional information.

In the 15 lesions for which the plan was medified, the
Doaxs Vies and V5 of the functional area after the modifi-
cation were consistently reduced compared with the plan
without functional information. The mean D, V,,, and
V, 5 before modification was 15.5 Gy, 2.1 em?, and 1.8 cm’,
respectively, and was reduced to 13 Gy, 0.9 ¢cm’, and 0.5
cm?, respectively, after modification. The reduction was not
statistically significant for D_,, (p = 024) or V,, (p =
0.12), but it was statistically significant for V|5 (p = 0.03;
. Fig. 4). In all 21 lesions, the average D, was 13.7 Gy (SD
6.53) before modification and 12.0 Gy (SD 6.4) after mod-
ification (p = 0.41). In total, the V , was 1.8 cm® (SD 2.3)
before modification and 0.9 cm® (SD 1.3) after modification
(p = 0.17). The V,5 was 1.3 cm® (8D 1.3) before modifi-
cation and 0.4 cm® (SD 0.7) after modification (p = 0.04).

In the 15 sets of plans that were modified afier secing the
functional information, no statistically significant dose re-
duction was needed in the PTV. The dose that 95% of the
PTV received was 18.5 Gy (SD 4.5) beforc modification
and 17.8 Gy (SD 4.0) after modification (p = 0.66). The
amount of the PTV receiving =80% of the prescribed dose
was 4.02 cm® (SD 2.15) before modification and 4.02 cm’®
(8D 2.15) afier modification (p = 0.99; Fig. 4).

In all 21 sets of plans, no reduction was seen in the PTV
after modification, as expected. The mean dose that 95% of
the PTV received in the 21 plans was 18.4 Gy (8D 4.2) and
17.9 Gy (SD 3.7) before and after the modification (p =
0.66). The amount of the PTV receiving =80% of the
prescribed dose was 5.131 cm® (SD 5.27) before and 5.132
em® (SD 5.27) after the modification (p = 0.99).

Functioral outcome

Adverse events after STI occurred in 4 patients. One
patient with AVM had intracranial bleeding and died 3
months after STI (Paticnt 14). Other adverse events in-
cluded an increased signal on T,-weighted MRI in 2 pa-
tients (Patients 10 and 13) and radiation necrosis in 1 patient
(Patient 4). The former 2 patients did not complain of any
neurologic symptoms. The patient with radiation necrosis
complained of a minor motor deficit, which showed limita-
tion of movement of the left ankle. This patient had an
AVM at the corpus callosum and had undergone MEG but
not ADWI before radiosurgery. ADWI was performed when
he complained of a motor deficit. It showed radiation injury
to the corticospinal pathway (Fig. 5).

DISCUSSION

During the past decade, an increasing body of evidence
has indicated that larger doses of radiation lead to better
cures of AVM and brain metastases after STI (1, 2, 20, 21).
To obtain a cure or local control of disease, coverage of the
discase by at least 15 Gy has generally been considered
necessary for AVM (1) and =18-20 Gy was recommended
for brain metastases (20, 21). However, such treatment
schedules are consistently accompanied by a 3-7% risk of
developing radiation necrosis (1-4, 20, 21). The degree of
neurologic deficit is associated with the location and size of
the radiation necrosis (3, 4). Therefore, if functional areas
are not involved in the high-dose area, patients would be
symptom free even if they had radiation necrosis in a silent
arca. Precise integration of functional images is expected
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(a) (b)

()

Fig. 5. Magnetic resonance (MR) axonography after radiation necrosis occurred (Patient 4). {a) Enhanced T -weighted
MRI. (b) axial view of MR axonography. (c) coronal view of MR axonography showing necrotic area (white arrow)
involved in right corticospinal tract, which was far from the dipole of the magnetoencephalography image and consistent

with the motor cortex (arrowhead).

not only to reduce radiation injury but also to increase the
cure rate for AVMs and tumors by allowing delivery of a
sufficient dose without fear of adverse reactions.

Apart from MEG, functional MRI (fMRI) and positron
emission tomography are reported to be useful functional im-
aging modalities. fMRI is used for radiotherapy planning (14,
15). MEG provides the direct measure of neuronal electric
activity. Compared with MEG, fMRI and positron emission
tomography provide a three-dimensional representation of the
functional activity in the brain in terms of metabolic and
hemodynamic variables. However, the relationship between
those variables and neuronal activity has not yet been well
defined. Although fMRI can localize the functional cortex, its
efficacy and validity for AVMs are reported to be low (13).
The major issue is that functional brain mapping by fMRI is
based on hemodynamic changes, and thus it might be affected
if autoregulation of the blood flow is lost in the brain tissue
near the AVM. In contrast, MEG detects the magnetic field
associated with intracranial neuronal electric activity itself and
thus is not influenced by a high blood flow shunt (13). There-
fore, it is reasonable to use MEG in patients with AVMs (13).
ADWI, which visualizes the axonal pathway in the brain, has
emerged as a potentially useful tool to supplement these im-
ages (16—18). Kamiryo e al (13) recently developed a tech-
nique combining MEG data and angiography as a tool to
provide simultaneous viewing of both modalities in three di-
mensions. They reported that this technique may reduce the
risks associated with embolization treatment {13). A group in

New Jersey used fMRI for radiosurgical planning and suc-
ceeded in reducing the D, to the functional area in 3 patients
in the treatment planning with an average dose reduction of
32% (14, 15).

In the present series, MEG was used in 21 regions in 20
patients to localize the sensorimotor cortex, visual cortex, and
Wernicke's area. We also used ADWI in addition to MEG in
the 6 most recent patients, Dose~volume histogram analysis
revealed that the area of functional brain tissue receiving 15 Gy
was significantly reduced when plans were modified after the
functional information was provided, and the coverage of the
PTV did not significantly deteriorate. One patient with an
AVM at the corpus callosum who did not undergo ADWI
experienced a minor motor deficit, indicating that functional
imaging of the relevant coriex is not sufficient to reduce
symptomatic complications. Injury to the corticospinal tract
was suggested to be reduced with the use of ADWL

CONCLUSION

We have developed a method of integrating information
about the functional cortex and corticospinal tract into STI
planning. Although additional investigation is necessary to
understand fully the contribution of functional imaging
studies, the results presented here indicate that the integra-
tion of functional brain information could potentially reduce
the rsk of developing neurologic functional disturbance
after undergoing STIL
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